Electrolytic extraction followed by XRD analysis of precipitates after isothermal annealing of an AISI 441 ferritic stainless steel between 600 -850°C, produced the time-temperature-precipitation (TTP) diagram for the Fe 2 Nb-Laves phase. The TTP diagram shows two classical C noses, the first one between 750 to 825 C and the second one, estimated to be close to 650 -675 C. TEM analyses show two independent nucleation mechanisms, i.e. at about 600 °C nucleation takes place on dislocations but above 750 °C, grain boundary nucleation is dominant. The measured solvus temperature of 875 C for Fe 2 Nb in this steel is 50C higher than predicted by Thermo-Calc®. Kinetic modelling at 800 C agreed well with the experimental results for a surface energy of 0.435Jm -2 and an initial particle center-to-center separation distance on grain boundaries of about 0.2m.
Introduction
Ferritic stainless steel type AISI 441, a Ti and Nb dual stabilised ferritic stainless steel, is commonly used in the manufacture of catalytic converter shells in the automotive industry. The Cr, Nb and Ti alloying additions improve the stress-corrosion resistance and mechanical properties by solid solution hardening [1] [2] [3] . But these also lead to the formation of a variety of precipitates such as Nb(C,N) and Ti(C,N) (carbonitrides) and Fe 2 Nb (Laves phase). The effect of these Nb precipitates on the high temperature strength of these steels appears to be still uncertain, but it has been reported that rapid coarsening of the Laves phase significantly reduced the high temperature strength [3, 4] of the steel.
The effect of Laves phase in the embrittlement of this material was studied and has been reported elsewhere [5, 6] . After solution treatment at 850°C the steel exhibited good room temperature impact toughness but above and below this solution temperature the impact toughness decreased sharply. Below 850C the presence of the Laves phase played a significant role in the embrittlement of the steel whereas above that temperature, an increase in the grain size reduced the impact strength. These impact toughness results largely agree with phase equilibrium calculations by Thermo-Calc® whereby it was observed that a decrease in the Laves phase volume fraction with increasing solution temperature corresponds to an increase in the impact toughness of the steel. Annealing above 900C where no Laves phase exists, grain growth is found which similarly has a very negative influence on the steel's room temperature impact properties. Where both a large grain size as well as Laves phase are present, it appeared that the larger grain size was the dominant embrittlement mechanism [6] . Annealing at 850°C
where any grain size effect was minimal, the effect of cooling rate after heat treatment on Laves phase embrittlement was quantified with a significant decrease in the impact toughness with decreasing cooling rates down to 1˚C s -1 that allowed Laves phase to form during slow cooling.
The objective of this work published here was to take the above study further by developing a kinetic model for the Laves phase precipitation process as a function of heat treatment and steel composition, as there is a general lack of thermodynamic and kinetic data of Laves phase formation and its effects in the manufacture of exhaust systems from type AISI 441 steel. Table 1 shows the chemical composition of the three alloys that were used in this study, which were supplied by Columbus Stainless as 7.8 mm thick hot band materials, with Steel A that had been found to be brittle in the as received condition. Annealing was done in a tubular furnace with a type K thermocouple spot welded to the specimens while the start of the annealing time t 0 was considered from the point where the specimen had stabilised at the set temperature, generally after about 400 seconds.
Experimental procedure
After annealing from 600 to 850C for times of 5 to 1000 minutes, the specimens were quenched in water.
The precipitates were then extracted electrolytically using 60% nitric acid in water at a potential of 5 V dc and the residue was vacuum suction filtered using a sub-micron glass filter paper (≤ 0.7 m) while the filter paper had been pre-weighed to account for the very fine precipitates that may remain trapped in it during the filtration process. The extracted residues where finally rinsed with ethanol, dried and weighed to obtain the total weight fraction from the previously weighed steel specimen. employing a Rietveld refinement approach which enables the volume fraction-time relationship to be found with fair accuracy measured to within a standard deviation of 3 error (that is a 99.7% confidence interval) [7] .
The microstructures were characterized mainly by thinning discs for transmission electron microscopy (TEM), particularly to identify the precipitates by energy dispersive spectrometry (EDS). TEM observations were carried out between 160 and 200 kV. TThe TEM specimens were mechanically ground from both sides to less than 70 m. Electropolishing was conducted until perforation of the disc using a twin jet electropolisher in 10% perchloric acid in 90% acetic acid solution at room temperature at a voltage of 55 dc.
Results
Fig . 1 shows the XRD analysis of the precipitate residue from the as received plant-brittle Steel A. Two main types of precipitates where detected, i.e., Laves phase and carbo-nitrides with some interference from the -Fe matrix phase often also present. The results from this steel indicated that the weight percentages for the Laves phase and (Ti,Nb)(C,N) were about 1.14% and 0.33%, respectively. The lattice parameters of the Laves phase were also determined to be a o = 0.481 nm and c o = 0.784 nm, with c o /a o = 1.64, which is close to the MgZn 2 C14-type structure of the Laves phase. In the earlier work on these steels [5, 6] , this Steel A in the as received plant-brittle condition had a Charpy V-notch impact strength at room temperature of only 11 Joules, illustrating the severe embrittling effect of the 1.14% weight fraction
Laves phase present in the microstructure. 
Equilibrium Laves Phase Fraction in Steel A
Steel A was first annealed at 850C (just above the solvus temperature of 825C as predicted by ThermoCalc® for Steel A) for 2 hours to dissolve the Laves phase while limiting excessive grain growth, and then water quenched. Specimens were thereafter annealed at various temperatures and for different times before quantifying the second phase contents. Fig. 2 shows the typical S-shaped curves for the Laves phase plotted from these analyses after converting the weight fractions to volume fractions using a molar volume of 2.36x10 -23 m 3 /mol for Fe 2 Nb [5] . It was observed that for the specimens that were heated at 600C, even after annealing for 1000 minutes, the Laves phase formation had not reached equilibrium and was still continuing. This indicates that although the chemical driving force for Laves phase nucleation should be relatively high at this temperature due to a high undercooling, the lowered diffusivity of Nb atoms at this temperature led to a low overall nucleation and growth rate. At 700C it was also found that the formation rate of the Laves phase is much higher than at higher or lower temperatures, an observation that already hints at the possibility of a second lower temperature nose in a TTP diagram for this phase. A similar semi-quantitative observation was made by Sawatani et al [8] on a Ti and Nb stabilised low C, N19%Cr -2%Mo stainless steel, where they observed that the Laves phase precipitates were in a far larger quantity after annealing at about 700C than at other annealing temperatures. At 850°C in Fig. 2 
Laves Phase Transformation Kinetics
The kinetics of an isothermal transformation is usually expressed by the modified Johnson-Mehl-Avrami-
where V v is the Laves phase volume fraction, k is the reaction rate constant, and n is the time The activation energy Q for the Laves phase's formation was estimated from the reaction rate constant k and was found to be 211.3 kJ/mol, a value that is somewhat lower than the reported activation energy for the volume diffusion of Nb in an Fe-Cr matrix of about 240 kJ/mol [10, 11] . This measurement of the activation energy was carried out using only data from the temperature range of 750 to 825C as it appears that the precipitation mechanism may be different at lower temperatures.
Temperature Effect on Isothermal Transformations
From Fig. 3 it was possible to complete an isothermal time-temperature-precipitation (TTP) transformation diagram for Steel A as shown in Fig. 4 for the measuring times (t 5% and t 95% ) for the beginning and end of transformation and for 50% transformation, i.e. t 50% . From Fig. 4 , it should be noted that the points from The results show the likely presence of two classical C noses on the transformation curves for Steel A, the first one occurring at a higher temperature of about 825C and the second one at much lower temperatures, estimated to possibly be in the region of about 650 to 675C. Because of extraordinarily long annealing times to reach equilibrium from the much slower diffusion, it was found to be impractical to find the exact point of this lower temperature nose. The available results, however, are sufficient to show that there are likely two different nucleation mechanisms within the Laves phase transformation. In the work done by Silva et al. [12] on the AISI 444 ferritic stainless steel (that is, similar to Steel C from this work) the authors have also estimated a nose of their transformation curve to be between 800 and 850C.
Thermo-Calc® predictions on this Steel A have predicted the solvus temperature of the Laves phase to be 
Effect of Grain Size on the Transformation Kinetics of Laves Phase in Steel A
Specimens from Steel A were first annealed at the respective temperatures of 850C and 950C for 2 hours and then water quenched. The corresponding linear intercept grain sizes were determined to be 49.9 µm and 152.1 µm, respectively from which the grain boundary surface areas per unit volume S v were calculated to be 4.01x10 4 and 1.32x10 4 m 2 /m 3 respectively, i.e. a difference of 67% in the potential nucleation site availability for grain boundary nucleation. Subsequently, the specimens were annealed at 750C for different periods in order to compare the Laves phase transformation kinetics. Fig. 6 shows that the precipitation rate of the Laves phase is indeed retarded by the larger grain size, purely due to a smaller number of nucleation sites. However, an equal level of the maximum or equilibrium volume fraction could be achieved from both grain sizes, although at different annealing times, approximately an extra 400 minutes for the larger grain size. It is revealing to note that the difference in time to achieve the 50% transformation level in Fig. 6 is reasonably close to the earlier 67% difference in the grain boundary nucleation site availability. These results confirm that grain boundary nucleation of the Laves phase is of overriding significance in this steel at a temperature of 750C. In a similar study done by Pardal et al. [13] on a superduplex stainless steel UNS S32750, the authors have made similar qualitative observations, but they did not determine the overall effect of the grain size on the volume fraction as was done here. 
Effect of the Steel's Composition on the Laves Phase's Transformation Kinetics
The effect of the steel's composition on the Laves phase kinetics was investigated comparing Steel A (0.444Nb-0.153Ti-~0Mo), with the Steel B (0.36Nb-0.171Ti-<0.01Mo) and Steel C (0.251Nb-0.106Ti-1.942Mo). The grain size of these materials was kept relatively constant and the transformation kinetics was investigated by annealing the specimens at 750°C over different periods of time. Fig. 7 shows the results which indicate that at 750C, Steel A has a much higher volume fraction of Laves phase than Steels B and C, and this agrees with the Thermo-Calc® predictions for these three steels as shown in Table 2 . 
Microstructural Analysis of the Transformation Kinetics in Steel A
The nucleation mechanisms of the Laves phase during transformation were investigated in Steel A after annealing at 600, 750 and 800C for 30 minutes, which allowed for a suitable time of precipitate growth, so that they could be analysed using TEM-EDX. Fig. 8 , shows the precipitate microstructure after annealing at 600C. At the lower magnification ( Fig. 8(a) ) the remnant of the coarse grain boundary Laves phase precipitates could be found from the (later found to be inadequate!) solution treatment at 850C for 2 hours. At a higher magnification (Fig. 8(b) , the same area analysed from Fig. 8(a) is indicated by a circle, and the micrograph indicates that the nucleation sites for the Laves phase in this case are primarily on dislocations and subgrain boundaries. Remaining Laves phase precipitates in Fig.8(a) that present an asymmetrical shape on grain boundaries after the "solution treatment" at 850C, may have a low mismatch with one grain but grow into the adjacent grain with which they do not have a rational orientation relationship because of that interface's higher surface energy and mobility. Similar observations were made by Li [15] in a 12Cr-2W steel with the nucleation and growth of the Fe 2 W Laves phase. The microstructure of Steel A after annealing at 750C is shown in Fig. 9 . Comparing this specimen with the one that was annealed at 600C in Fig. 8(b) , the volume fraction of the Laves phase after only 30 minutes is already higher, suggesting a higher nucleation rate at 750C. Also, there are more of the Laves phase grain boundary precipitates than dislocation precipitates, see Fig. 9 (a). This suggests that the most preferred nucleation sites for the Laves phase at 750C are the grain and subgrain boundaries, unlike as after annealing at 600C, where primarily precipitation on dislocations occurred. Comparing all three sets of microstructures, it is concluded that dislocations, subgrain and grain boundaries act as preferred nucleation sites for Laves phase precipitation. Analyses of the microstructures and also on the basis of the classical heterogeneous nucleation theory, demonstrate that nucleation on the grain boundaries is dominant at the higher annealing temperatures of 750C and above, see Fig. 9 and Fig. 10 , where the undercooling and hence the chemical driving force for nucleation are relatively low and the system then lowers its retarding force through grain boundary nucleation. As the temperature is decreased and the undercooling and hence the chemical driving force becomes higher, however, heterogeneous nucleation on dislocations becomes more significant. 
Discussion

Nucleation
The nucleation rate under isothermal heterogeneous nucleation conditions and rate controlled by the slow diffusivity of Nb, can be presented by [9] :
  
where c is the Nb content in solution in the steel, N o is the number of available nucleation sites per unit volume, k and h are the Boltzmann's and Planck's constants respectively, T is the absolute temperature, G* is the activation energy for nucleation,  is the surface energy per unit area of the precipitate-matrix interface and  is the contact angle between the Laves phase particle and the grain boundary. The critical embryo size r* for forming a stable nucleus is then given by:
where G  is the chemical free energy change per unit volume and G  is the misfit strain energy around the particle, which is often relatively small compared to the chemical driving force G  and, hence, was neglected in the calculations of G* and r*. The contact angle between the Laves phase and grain boundary was estimated from some TEM micrographs to typically lie between 20 and 30.
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Growth
To simplify this model, it is assumed that all the Laves phase precipitation occurs on grain boundaries and the growth and nucleation of the precipitates takes place simultaneously as it has often been observed that nucleation is superseded by growth very early within the precipitation process [16] [17] [18] . The growth of the precipitates is assumed to be controlled by the diffusion of Nb in the ferrite matrix. Assuming that the particle size is large enough, the position of the interface under one dimensional parabolic growth, which corresponds to the radius r of large spherical particles, is given by [3, [19] [20] [21] :  is approximated by the solute concentration in the matrix after ageing for a long period of time and which is obtained from ThermoCalc®, the supersaturation  of Nb for each steel can be calculated as shown in Table 3 . Table 3 . Calculated equilibrium mole fractions at the interface Fe2Nb / ferrite for Nb between 600 and 800 C in AISI type 441 ferritic stainless steel. The supersaturation of Nb for Steel A annealed between 800°C and 600°C, does not vary significantly and therefore the growth of the particles appears to be controlled by the diffusion rate. It is further assumed that the nucleation rate N  for the Laves phase that led up to the growth stage is a constant and that soft -impingement does not occur. At time t the radius of the particle nucleated at time t 1 (0< t 1 <t)
Temperature (°C)
is expressed by Equation 5. Assuming a spherical particle, the growth rate G r at time t 1 is given by:
Therefore, the number of nuclei precipitated between t 1 and t 1 + dt 1 is N  dt 1 . The rate of increase in the volume of all the particles formed at t 1 is then given by:
To convert Equation 7 
Parameters Required for Calculations
The chemical free energy change per unit volume G  of precipitate is given by:
where V v is the equilibrium volume fraction and  the molar volume of the Laves phase, and G is the molar free energy change of the precipitation reaction and is obtained from the Thermo-Calc® software, which leads to the solubility product for the Laves phase This expression differs from the one obtained by Fujita and co-workers [22] in their recent work on niobium alloyed ferritic stainless steels, also for the Laves phase:
Activation energies and critical radii
The following assumptions for the Laves phase transformation kinetics were used; (i) no treatment of soft impingement was introduced during the nucleation and growth stage, (ii) the normalised particle-size distribution at different nucleation times and growth rates remained constant and (iii) that the precipitation proceeds in an Fe-Nb-C alloy system and takes place only on grain boundaries, i.e. any precipitation on subgrain boundaries was excluded from the model. Also, from the results of both the XRD and ThermoCalc® calculations, as the volume fraction of the carbo-nitride had shown no significant change, only the nucleation and growth of Laves phase was assumed to be taking place. Finally, the density of nucleation sites N 0 was estimated to be about 1x10 18 m -3 from the measured grain size and hence the grain boundary 15 area per unit volume S v of 4.10x10 4 m 2 .m -3 and the observed center-to-center Laves phase separation distance of about 0.2 m as shown typically in Fig. 10(b) . There is one unknown parameter, the interfacial energy  and this is treated as a fitting parameter. The calculations were carried out at 800C and the parameters that were used for the Laves phase formation are shown in Table 5 where R = 8.314 J mol -1 K -1 is the universal gas constant and T is the absolute temperature. As 800C
is substantially above 0.5T m in absolute temperatures, volume diffusion is assumed to be more prominent in this model than grain boundary diffusion. The activation energy for nucleation G* and the critical particle size r* for the Laves phase's nucleation were calculated from Equations 3 and 4, assuming the surface energy of the Laves phase  to be 0.435Jm -2 are shown in Table 6 below. Table 6 . The calculated values of the free energy change G, the driving force Gv, the activation energy for the nucleation G*, and the critical particle size r* for the Laves phase's nucleation at 800C. Inherent in Equation 8 is the fact that a large particle, which has nucleated within the early stages of precipitation, grows continuously even while the volume fraction approaches equilibrium. Because of the capillary effect, small particles which nucleated late begin to dissolve from coarsening even though the large ones continue to coarsen. It has been demonstrated that the mean particle radius at first increases approximately parabolically with time as all the particles initially grow from supersaturated solid solution [23] .
Temp. (C)
Time (sec.) as the Laves phase is known to be incoherent, hence its preference for heterogeneous nucleation on grain and subgrain boundaries as well as a reported rapid coarsening rate at high temperatures [3, 4] . Secondly, an estimate of the value of 1x10 18 m -3 for the initial nucleation site density was based on the measured grain boundary area only and ignored any nucleation subgrain boundaries. Should it have been possible to add this area of potential nucleation sites also to the estimate, the center-to-center separation distance of Laves particles would have to be larger than the observed 0.2 m from Fig. 10(b) , possibly something more as seen in Fig 10(a) . The sensitivity of the number density of the nucleation sites N o and the interfacial energy  on the S-shaped transformation curve has been established in the niobium-alloyed ferritic stainless steel also for M 6 C carbides by Fujita et al [19] and it was observed that their results are affected more by the interfacial energy than by the number density. This is to be expected because of the  3 term appearing in the activation energy G* in the exponential part of the nucleation equation.
When the experimentally determined activation energy (that is, Q = 211 kJ/mol within the temperature range of 750 to 825C) for the Laves phase transformation kinetics is employed in the model, this gives 17 the initial nucleation site density N o as approximately 2.2x10 14 m -3 at 800C, i.e. about 4.5 thousand times lower, a value that would lead to a particle separation distance on grain boundaries as high as about 9 m, which does not agree with the typical observations at 800C in Fig 10. 
Summary
This modeled JMAK equation agrees reasonably well with the experimental data and analyses of the microstructures and also agrees qualitatively with the basis of the classical heterogeneous nucleation theory. For instance, it demonstrates that nucleation of the Laves phase on grain boundaries (where the initial nucleation site density N o is relatively much lower than for homogeneous nucleation), is dominant at the higher annealing temperatures of 800C and above, where the undercooling T and hence the driving forces G v for nucleation are relatively low and the system then lowers its retarding forces through grain boundary nucleation. As the temperature is decreased and the undercooling T and hence the driving forces are higher, however, heterogeneous nucleation on dislocations becomes more significant, and hence, the initial number of the nucleation sites N o becomes higher. This parameter has a significant impact on the transformation kinetics of the Laves phase, and any increase in the number results in a decrease in the formation rate.
Conclusions
 A time-temperature-precipitation (TTP) diagram for the Laves phase in stainless steel AISI 441 that was determined from the transformation kinetic curves, appears to show two classical noses, i.e. the first one occurring at higher temperatures of about 750 to 825C and the second one at much lower temperatures, estimated to possibly be in the range of about 650 to 675C.
Transmission electron microscopy (TEM) analyses show that there are two independent nucleation mechanisms at these respective temperature ranges. At lower temperatures of about 600°C, nucleation takes place principally on dislocations and as the annealing temperature is increased to above 750°C, grain boundary nucleation becomes more dominant.  For the kinetics at 800C and by assuming an interfacial energy of 0.435Jm -2 for the incoherent Laves phase and estimating the nucleation site density on grain boundaries N 0 as 1x10 18 m -3 from the measured grain size of 49.9m which gives an observed 0.2m particle center-to-center separation distance, the modelled S-shaped transformation curve agrees well with the experimental one at 800C.
